Topoisomerase 1 (Top1) is essential for removing the DNA supercoiling generated during replication and transcription. Anticancer drugs like camptothecin (CPT) and its clinical derivatives exert their cytotoxicity by reversibly trapping Top1 in covalent complexes on the DNA (Top1cc). Poly(ADP-ribose) polymerase (PARP) catalyses the addition of ADP-ribose polymers (PAR) onto itself and Top1. PARP inhibitors enhance the cytotoxicity of CPT in the clinical trials. However, the molecular mechanism by which PARylation regulates Top1 nuclear dynamics is not fully understood. Using live-cell imaging of enhanced green fluorescence tagged-human Top1, we show that PARP inhibitors (Veliparib, ABT-888) delocalize Top1 from the nucleolus to the nucleoplasm, which is independent of Top1-PARP1 interaction. Using fluorescence recovery after photobleaching and subsequent fitting of the data employing kinetic modelling we demonstrate that ABT-888 markedly increase CPT-induced bound/immobile fraction of Top1 (Top1cc) across the nuclear genome, suggesting Top1-PARylation counteracts CPT-induced stabilization of Top1cc. We further show Trp205 and Asn722 of Top1 are critical for subnuclear dynamics. Top1 mutant (N722S) was restricted to the nucleolus in the presence of CPT due to its deficiency in the accumulation of CPT-induced Top1-PARylation and Top1cc formation. This work identifies ADP-ribose polymers as key determinant for regulating Top1 subnuclear dynamics.
INTRODUCTION
Topoisomerase I (Top1) is a ubiquitous enzyme essential for the relaxation of DNA supercoiling inside cells during the process of replication, transcription and chromosomal recombination (1, 2) . The mechanism by which Top1 alters the DNA supercoiling involves three major steps: (i) nucleophilic attack by the hydroxyl group of the active site tyrosine (Tyr 723 for human Top1) on the scissile phosphate resulting in the covalent attachment of Top1 to the 3' end of the broken strand (i.e. transient Top1-DNA cleavage complex; Top1cc), (ii) DNA relaxation involving controlled free rotation and (iii) religation of the DNA strand and release of the enzyme (1, 2) .
Top1 religation rate is much faster than cleavage rate, thus, the covalent enzyme-DNA complexes (Top1cc) are fleeting catalytic intermediates and normally not detectable. In contrast, the array of conditions that significantly enhance the frequency of trapped Top1cc inside the cells are: Top1 poisons, such as camptothecin (CPT) and its clinically used derivatives (irinotecan and topotecan), as well as several non-CPT Top1 inhibitors including the indenoisoquinolines and the indolocarbazoles (3) . Endogenous and carcinogenic DNA lesions can also trap Top1cc (3). Top1cc catalytic intermediates can be converted into irreversible Top1-DNA cleavage complexes by colliding replication fork or transcription machinery (3, 4) , which trigger DNA double strand breaks (DSBs) and cell death (3) .
Point mutations that confer CPT-resistance are distributed in the different domains of Top1 and are conserved among species (2, (5) (6) (7) (8) . The Asn 722 Ser mutation in the Cterminal domain of Top1 is widely available among CPTresistant cancer cell lines and is also conserved in CPT producing plants (7) (8) (9) . Though Asn 722 is next to the catalytic Tyr 723 ( Figure 1A ), still Top1-Asn 722 Ser mutation was found to be catalytically active in vitro but resistant to CPT (8) . Recent studies also highlight the importance of the N-terminal domain (191-206 aa) of Top1 related to in vivo activity, interaction with cofactors and CPT sensitivity (10) (11) (12) . Precisely , Trp  205 residue was suggested to  control Top1 dynamics through tryptophan anchoring together with Trp  203 and Trp  206 on the DNA (13,14) ; (see the domain structure, Figure 1A ), and stabilization of CPTinduced Top1cc (6, 15) . However, the impact of these point mutations on Top1 nuclear dynamics together with its cofactors and post-translational modifications (PTMs) have not been elucidated in live cells.
The nucleolus is often considered as the stress sensing subnuclear compartment and functions as a site of ribosome biogenesis (16) . Several DNA processing enzymes including Top1 are predominantly nucleolar protein and are required to relax DNA supercoils generated during rRNA synthesis (17, 18) . CPT-induced Top1cc has been shown to activate accumulation of antisense RNA polymerase (RNAP) II transcripts, which causes an interim block of RNAP II at the promoter and a transitory increase of R-loops particularly at the highly transcribed regions (clusters of ribosomal genes in the nucleolus) leading to transcription-dependent DSBs and genome instability (19) (20) (21) (22) . CPT causes delocalization of nucleolar Top1 to the nucleoplasm (23) . The complex coordination of Top1 between nucleolus and nucleoplasm was previously attributed to mRNA synthesis (18) , while others alternatively proposed that CPT-mediated modification of Top1 with small ubiquitin-like modifiers (SUMOs) may induce translocation of Top1 from the nucleoli to the nucleoplasm (24, 25) . Poly(ADP-ribose) polymerase-1 (PARP1) interacts with Top1 and shows colocalization in the nucleolus and nucleoplasm throughout the cell cycle (26) (27) (28) . PARP1 is a ubiquitous chromatin-associated enzyme that catalyses the nicotinamide adenine dinucleotide (NAD + )-dependent addition of ADP-ribose polymers (PAR) onto itself (90% of PAR is found on PARP1) and several chromatin proteins including Top1 (29, 30) . Top1cc accumulates PAR polymers in CPT treated cells (31) (32) (33) , which play vital role in Top1cc repair by directly regulating the recruitment of DNA repair proteins including Tyrosyl-DNA phosphodiesterase 1 (TDP1), X-ray repair cross-complementing protein 1 (XRCC1) and Ligase III (31) (32) (33) (34) (35) . PARP1 also helps in releasing Top1 from stalled replication complexes by promoting the restart of replication forks reversed by Top1cc (36) (37) (38) . In vitro studies suggest that PARP1 favours faster Top1 religation activity in the presence of CPT either through its direct interaction with Top1 or by the formation of PARylated Top1 (39, 40) .
DNA damaging anti-cancer agents constitute the mainstay of treatment for most solid tumours. PARP inhibitors generate considerable interest as anti-tumour agents especially for tumours defective in BRCA1 or BRCA2 (41) (42) (43) , or in combination with Top1 inhibitors (CPT, irinotecan and topotecan) or with other DNA damaging agents (41, 44, 45) . PARP inhibitors enhance the activity of CPT and its clinical derivatives both in cell culture, in xenograft model and in patients under clinical trials (31) (32) (33) 44, 46) . Though Top1 is known to be PARylated for quite a long time (27, 39, 40) , however the molecular mechanism by which PAR polymers regulate Top1 nuclear kinetics and localization has not been elucidated.
In the present study, we took the advantage of live-cell imaging and real-time monitoring of enhanced green fluorescence (EGFP) tagged-human Top1 variant combined with fluorescence recovery after photobleaching (FRAP) technology (47) to get new insights into Top1 dynamics such as association and dissociation reactions that are mediated by each of the functional amino acid residues. The FRAP kinetic modelling (48, 49) indicates that Trp205 at the Nterminal and Asn722 at the C-terminal domain of Top1 are critical for subnuclear dynamics associated with CPT. Our study provides new evidence suggesting that ADP-ribose polymers are key molecular determinant for the regulation of Top1 mobility between subnuclear compartments and contributes new rationale for the combination of PARP inhibitors with Top1 inhibitors in cancer chemotherapy.
MATERIALS AND METHODS

Drug and antibodies
CPT was purchased from Sigma (St Louis, MO, USA). PARP inhibitor Veliparib (ABT-888) was kindly gifted by Dr Yves Pommier (NIH/NCI). Mouse monoclonal antihuman Top1 (C21) and anti-GFP (B-2) antibodies were from Santa Cruz Biotechnology (Santa Cruz, USA). Rabbit polyclonal anti-GFP (A-11122) antibody was from Invitrogen and anti-actin (ACTN05) antibody was from Neo Markers (USA). Rabbit polyclonal anti-nucleolin antibody (ab22758) was from Abcam (USA). The anti-PAR polymer mouse monoclonal (10H) and rabbit polyclonal antibodies were from Trevigen (USA). Rabbit polyclonal PARP1 antibody and secondary antibodies: horseradish peroxidaseconjugated anti-rabbit IgG or anti-mouse IgG were obtained from Santa Cruz Biotechnology (Santa Cruz, USA).
Expression constructs and site-directed mutagenesis
The EGFP-tagged human Top1 fusion construct (24, 50) was a kind gift from Dr William T. Beck (University of Illinois, IL, USA). The following point mutations: EGFPTop1 Y723F , EGFP-Top1 N722S and EGFP-Top1 W205G were constructed using the 'QuikChange' protocol (Stratagene, La Jolla, CA, USA). All constructs were confirmed by DNA sequencing.
Cell culture, treatment and transfections
The colon carcinoma cell line (HCT116) was obtained from the Developmental Therapeutics Program (NCI, NIH/USA). Cell cultures were maintained at 37
• C under 5% CO 2 in Dulbecco's modified Eagle's medium containing 10% fetal calf serum (Life Technologies). Cells were either treated with different concentrations of CPT or PARP inhibitor Veliparib (ABT-888) or combination of both as described (32, 51) . For Confocal microscopy experiments, cells (60-70% confluent) were grown on glass bottom dish where CPT or ABT-888 was added to a final concentration of 1-10 M as indicated. Plasmid DNAs were transfected with Lipofectamine 2000 (Invitrogen) according to the manufacturer's protocol.
Cell extracts, immunoblotting and immunoprecipitation
Preparation of whole cell extracts, immunoprecipitation and immunoblotting were carried out as described (32, 51, 52 W205G were separately lysed in a lysis buffer (10 mM Tris-HCl (pH 8), 150 mM NaCl, 0.1% sodium dodecyl sulphate, 1% NP40, 0.5% Na-deoxycholate supplemented with complete protease inhibitors) and phosphatase inhibitors (Phosphatase Inhibitor Cocktail 1 from Sigma). After thorough mixing and incubation at 4
• C for 2 h, lysates were then centrifuged at 12 000 g for 20 min at 4
• C. Supernatants were collected and stored in aliquotes at −80
• C. For immunoprecipitation, cells were lysed in a lysis buffer (50 mM Tris-HCl (pH 7.4), 300 mM NaCl, 0.4% NP-40, 10 mM MgCl 2 , 0.5 mM dithiothreitol supplemented with protease and phosphatase inhibitors). Supernatants of cell lysates were obtained by centrifugation at 15 000 g for 20 min at 4
• C and pre-cleared with 50 l of protein A/G-PLUS agarose beads (Santa Cruz, CA, USA). About 3-5 mg of pre-cleared lysate was incubated overnight at 4
• C with indicated antibodies (2-5 mg/ml) and 50 l of protein A/G-PLUS agarose beads. Isolated immunocomplexes were recovered by centrifugation, washed thrice with lysis buffer and were subjected to electrophoresis on 10% Tris-glycine gels and immunoblot analysis. Immunoblottings were carried out following standard procedures and immunoreactivity was detected using ECL chemiluminescence reaction (Amersham) under ChemiDoc TM MP System (Bio-Rad, USA).
In vitro topoisomerase I relaxation assay
Type I DNA topoisomerases are assayed by decreased mobility of the relaxed isomers of supercoiled pBS (SK + ) DNA in agarose gel. The relaxation assays were carried out as described (53) (54) (55) , briefly HCT116 cells ectopically expressing EGFP-Top1 variants (EGFP-Top1
WT , EGFP-EGFPTop1 N722S or EGFP-Top1 W205G ) were immunoprecipitated (IP) with anti-GFP antibody and the immune complexes were used as source of Top1 (EGFP-Top1
WT , EGFPTop1 Y723F , EGFP-Top1 N722S or EGFP-Top1 W205G ) for the time course DNA relaxation experiments. The immune complexes with anti-IgG antibody served as control. The relaxation assays were performed in relaxation buffer (25 mM Tris-HCl, pH 7.5, 5% glycerol,0.5 mM Dithiothreitol (DTT), 10 mM MgCl 2 , 50 mM KCl, 25 mM ethylenediaminetetraacetic acid and 150 mg/ml bovine serum albumin) and supercoiled plasmid pBS (SK + ) DNA (85-95% were negatively supercoiled, with remainder being nicked circles). For all kinetic studies, the reaction mixtures containing the buffer and DNA were heated to 37
• C before addition of the enzyme. The reactions were rapidly quenched using stop solution and kept on ice. The amount of supercoiled monomer DNA band florescence after ethidium bromide (EtBr) (0.5 mg/ml) staining was quantitated by using Bio-Rad ChemiDoc TM MP system under UV illumination (Bio-Rad Quantity One software).
Live-cell confocal microscopy and immunocytochemistry
Live-cell imaging was carried out as described previously (51, 52) , using confocal laser-scanning microscope (Leica TCS SP8) with a UV-laser and 63X/1.4 NA oil objective equipped with a heated environmental chamber set to 37
• C with optimal CO 2 facility. Fluorophores were excited using a 488/514 nm argon laser line. All the EGFP-Top1 constructs were separately transfected in HCT116 cells cultured on cover glass bottom dish (Genetix, Biotech Asia Pvt. Ltd.) and were imaged for 24 h post-transfection under live cell confocal microscopy. Cells were treated with CPT, ABT-888 or combination of CPT + ABT-888 for 30 min with indicated concentrations. Nuclei were stained with Hoechst 33342 (Blue) (Sigma).
Immunofluorescence staining and confocal microscopy were performed as described previously (51, 52) . Briefly, HCT116 cells ectopically expressing EGFP-Top1 WT treated with or without CPT were fixed with 4% paraformaldehyde for 10 min at room temperature. Primary antibodies against nucleolin and green fluorescent protein (GFP) were detected with anti-rabbit or anti-mouse IgG secondary antibodies labelled with Alexa 488/568 (Invitrogen). Cells were mounted in anti-fade solution with DAPI (Vector Laboratories, USA) and examined using a laser scanning confocal microscope. Images were collected and processed using the Leica software and sized in Adobe 
Photobleaching experiments
Photobleaching experiments were carried out as described previously (32, 51) , using Andor Spining disc inverted confocal laser-scanning microscope equipped with a 60X/1.42 NA oil-immersion objective (Olympus). Fluorophores were excited using a 488 nm laser line. The microscope was equipped with a CO 2 -controlled on-stage heated environmental chamber set to 37
• C. FRAP analyses were carried out with living HCT116 cells grown on chamber cover glass (Genetix, Biotech Asia Pvt. Ltd.). Cells were transfected with EGFP fusion proteins and mounted on an incubation chamber filled with medium 24 h after transfection. Cells were treated with different concentrations of CPT, PARP inhibitor (ABT-888) or combination of CPT + ABT-888 as indicated.
For FRAP analysis, a subnuclear spot was bleached for 30 ms by solid state laser line (488 nm for EGFP) adapted to the fluorescent protein of interest. For imaging, the laser power was attenuated to 0.1% of the bleach intensity. Subsequently, the recovery of fluorescence in the spot was continuously monitored for ∼90 s at 3 ms intervals. Relative fluorescence intensities of the bleached region were corrected for background. To show the FRAP curves, the fluorescence signal measured in a region of interest (ROI) was individually normalized to the pre-bleach signal in the ROI according to the following equation: ROI = (I t -I bg )/(I o -I bg ) × 100, where I o is the intensity in the ROI during pre-bleach, I t is the intensity in the ROI at time point t and I bg is the background signal determined in a region outside of the cell nucleus.
FRAP kinetic modelling and fitting
Analysis of FRAP data were performed by fitting them according to the general kinetic model of FRAP recovery that incorporates both free diffusion of the protein and binding of protein to other cellular components. In our present study the protein is Top1 (EGFP-tagged) and the binding partner is DNA. During DNA relaxation, Top1 binds DNA non covalently (during Top1 anchoring on the DNA) followed by transient covalent binding (nucleophilic attack by the hydroxyl group of the active site tyrosine on the scissile phosphate resulting in covalent attachment of Top1 to the 3' end of the broken strand i.e. Top1-DNA cleavage complexes; Top1cc) and finally religation of the DNA strand and release of the enzyme (2,13). The dissociation timescale of strongly bound complex (irreversible Top1cc) in the presence of specific inhibitors (CPT) is generally very high and does not contribute to the recovery process. Therefore, we only consider the weak binding reaction and free diffusion of Top1 are the only two factors contributing towards recovery. In this situation, the equation for time dependent normalized FRAP can be written as (48, 49) ,
Where, frap(t) represents normalized intensity of ROI or bleached point after photobleaching at time t. a o is the diffusion fraction, a 1 is the fraction of weakly bound molecule. D is the diffusion time and dis(wb) is the dissociation time for weak bound molecule (k off = 1/ dis ). I o and I 1 are the basal function. (1-a o -a 1 ) is the bound (immobile) fraction which corresponds to the fraction of strongly bound Top1 which does not contribute to the recovery. Using the value of τ D (diffusion time), we estimated the diffusion coefficient of the free Top1 as,
where, 2 is the ROI area and D is diffusion coefficient.
RESULTS
CPT resistant mutant Top1 are defective in nucleolar delocalization
To investigate the impact of CPT on the nuclear dynamics of human Top1 (see the domain structure, Figure  1A ) in live cells, we ectopically expressed wild-type (WT) EGFP-tagged nuclear Top1 (EGFP-Top1 WT ) and its mutant variants such as catalytically inactive mutant (EGFPTop1 Y723F ), CPT-resistant mutant (EGFP-Top1 N722S ) in the C-terminal domain and N-terminal mutant (EGFPTop1 W205G ) in HCT116 cells. We confirmed the expression of all the chimeric EGFP-Top1 variants by western blotting using anti-GFP antibody ( Figure 1B ). Top1 specific antibodies ( Figure 1C ), detect EGFP-Top1 variants as an additional band of slower migration (117 kDa) and with simi- Figure 1C, lane 5) .
We confirmed the colocalization of the ectopic EGFPTop1 with the nucleoli by double-immunostaining with an antibody specific against nucleolin (17, 18, 24) . Figure 1D shows that in absence of CPT, EGFP-Top1
WT was predominantly confined to the nucleolus, while CPT treatment markedly accumulate Top1 in the nucleoplasm ( Figure 1D , panel CPT). Next, we followed the subnuclear distribution of the ectopic EGFP-Top1 variants using live cell confocal microscopy. CPT treatment delocalized Top1 (EGFPTop1 WT ) from the nucleolus to the nucleoplasm in 85-90% of cells ( Figure 1E , panel EGFP-Top1
WT + CPT, see the quantification in Figure 1F ), which is consistent with the earlier reports (18, 23, 24, 56) . Interestingly, under similar conditions, CPT failed to delocalize EGFP-Top1 Y723F in 65-75% of cells ( Figure 1E , panel EGFP-Top1
Y723F + CPT, and the quantification in Figure 1F ) and EGFP-Top1 N722S in 70-85% of cells from the nucleoli to nucleoplasm ( Figure  1E , panel EGFP-Top1
N722S + CPT, and the quantification in Figure 1F ). However, EGFP-Top1 W205G showed CPTinduced partial re-distribution in the nucleoplasm ( Figure  1E , panel EGFP-Top1 W205G + CPT, see the quantification in Figure 1F ), suggesting that Top1 subnuclear rearrangements depend on CPT-sensitive Top1 activity.
To elucidate the mechanistic link between nuclear dynamics, catalytic activity and CPT sensitivity of Top1 variants, we tested them in plasmid DNA relaxation assays (53) (54) (55) . We IP ectopic EGFP-Top1 and its mutants using anti-GFP antibody (Figure 2A ) and the immune complexes were used as source of Top1 (EGFP-Top1
WT , EGFP-Top1 Y723F , EGFP-Top1 N722S or EGFP-Top1 W205G ) for the time course DNA relaxation experiments ( Figure 2B-F) in the presence or absence of CPT. As expected, no plasmid relaxation activity was observed with the IgG-control beads ( Figure 2B ) or catalytically inactive Top1 (EGFP-Top1 Y723F ) ( Figure  2D ). In the absence of CPT, EGFP-Top1
WT relaxes supercoiled DNA at a similar rate as that of EGFP-Top1 N722S and EGFP-Top1 W205G ( Figure 2C , E and F, panel (−) CPT). Under similar condition, the rate of plasmid DNA relaxation by EGFP-Top1
WT was inhibited by CPT in a time dependent manner (see Figure 2C , panel (+) CPT and quantification in Figure 2G ), whereas the drug has a reduced effect (∼2-fold) on the rate of relaxation by EGFPTop1 W205G (compare CPT-induced DNA relaxation inhibition (%) by WT versus W205G with time in Figure 2G ), which may account for the abrogation of CPT-induced nucleolar delocalization in live cell microscopy ( Figure 1E , panel CPT + EGFP-Top1 W205G ). Under similar conditions CPT failed to inhibit the DNA relaxation activity by EGFP-Top1 N722S ( Figure 2E and G). We therefore conclude that the molecular interactions of CPT with Top1-DNA cleavage complexes (Top1cc) drive or limit the mobility of Top1 in the nuclear compartments. 
FRAP kinetic modelling shows accumulation of CPT-induced immobile Top1 in the nucleus
The FRAP techniques offer an effective tool to study the in vivo mobility of cellular proteins (47) . To examine the FRAP kinetic properties of Top1 (EGFP-Top1 WT ) and the impact of CPT in living cells, we ectopically expressed EGFP-Top1 variants and analysed the same under a spinning disc confocal laser microscope ( Figure 3A) . We further utilized mathematical modelling (48, 49) to estimate the quantitative parameters, such as the diffusion coefficient and immobile fractions of Top1 induced by CPT (Table 1) .
In absence of CPT, the FRAP recovery curves revealed two populations of EGFP-Top1
WT : a mobile population representing ∼80-85% of the total and a smaller (∼15-20%) immobile population (see Figure 3B , and the quantification in 3C; No CPT), indicating that Top1 is mobile in the nucleus under steady state and were exchanged promptly between nuclear compartments. However, EGFP-Top1 shows slower recovery than EGFP alone (Supplementary Figure   S1A , showing free diffusion of EGFP), suggesting that the Top1 is not freely diffusible. During DNA relaxation, Top1 binds DNA non-covalently followed by transient covalent binding (reversible Top1cc; Figure 3A ) and finally religation of the DNA strand and release of the enzyme (2,13), which plausibly contributes to the (∼15-20%) immobile Top1 population in the FRAP recovery curves ( Figure 3B ). However in the presence of CPT (1 M), Top1 is covalently trapped on the DNA (Figure 3A ; CPT), which significantly blocks FRAP recovery by increasing ∼35-40% of Top1 immobile population in the nucleoplasm ( Figure 3B , and the quantification in 3C; (+) CPT) as well as in the nucleolus (Supplementary Figure S1B) . Fluorescence recovery of Top1 was further retarded by ∼40-55% with increasing dose of CPT ( Figure 3B and C). The dissociation timescale of covalently bound complexes (irreversible Top1cc) in the presence of CPT are normally high and does not contribute to the FRAP recovery process. Therefore, we assume that CPT-induced immobile/bound fraction is exclusively due to the formation of Top1cc in the live cell nucleus ( Figure 3A ; CPT). To further test this possibility, we performed the fluorescence recovery of Top1 inactive mutant (EGFP-Top1 Y723F ), which shows no significant variation in the mobile fraction of Top1 Y723F either in the presence or absence of CPT (Supplementary Figure S1C , and the quantification in supplementary Figure 1D ).
Next, kinetic modelling was applied to fit the complete set of Top1-FRAP data that best approximate the experimental dynamics (Supplementary Figures S2 and 3 ) and this yields an estimated CPT-induced bound/immobile fraction, mobile fraction and the diffusion rate of Top1. The diffusion coefficient for all the Top1 variants were comparable, suggesting no gross change in the diffusion rate of Top1 due to its point mutations (Table 1) . However, we observed a marked accumulation (∼2-fold increase) of CPT-induced in vivo Top1cc (Table 1 , WT), absent in the inactive mutant Top1 Y723F (Table 1 , Y723F), which is in agreement with the CPT mediated inhibition of the in vitro plasmid DNA relaxation activity ( Figure 2C , panel WT (+) CPT). Together these results provide evidence that CPT impairs Top1 mobility and induce Top1cc (Figure 3 ) in the nucleus.
Top1-mutants (W205G and N722S) abrogate CPT-induced Top1 immobile fraction
Because Top1-mutants (N722S and W205G) were completely or partially resistant to CPT in the plasmid DNA relaxation assays (see Figure 2E and F, panel (+) CPT), we further investigated the FRAP kinetics of both EGFPTop1 N722S and EGFP-Top1 W205G in the live cell's nucleus. As expected, we observed no significant variation in the fluorescence recovery of EGFP-Top1 N722S in the presence or absence of CPT ( Figure 4A and B) . This is in complete agreement with the estimated bound fraction of Top1
N722S
in the presence or absence of CPT (Table 1, N722S ; fittings of the FRAP data shown in Supplementary Figure S4) , and accounts for resistance to CPT-induced dynamic mobility of Top1 N722S in the nuclear compartments ( Figure 1E and  F) .
Interestingly, in absence of CPT, Top1 W205G mutant shows faster rate of fluorescence recovery (∼85-90% of the total within 30 s, Figure 4D ) indicating a significant increase in the mobile population when compared with the fluorescence recovery of the EGFP-Top1
WT (70-80% at 30 s) (compare Figure 4D with 3C) Figure S5 ), which may account for CPT-induced partial nucleolar delocalization ( Figure 1E and F) . Therefore our live cell analyses provide new evidence suggesting Trp205 and Asn722 regulate CPT-induced nuclear dynamics of Top1.
(ADP)ribose polymers regulate Top1 subnuclear distribution
Top1 is heavily PARylated when trapped on DNA in the presence of CPT or due to DNA breaks associated with endogenous DNA damage, chromosomal transactions or DNA lesions (26, 30, 57) . To determine the functional relationship between PAR polymers and Top1 dynamics, we tested the impact of the PARP inhibitor (veliparib, ABT-888) in the absence or presence of CPT under live cells microscopy. Top1 dynamics was determined under conditions that blocked cellular PAR formation (31, 32) . Figure  5A shows that in absence of ABT-888, EGFP-Top1
WT was predominantly confined to the nucleolus as shown in Figure  1D . ABT-888 only, delocalized Top1 from the nucleolus to the nucleoplasm in 55-65% of cells ( Figure 5A , panel WT + ABT-888 and the quantification in Figure 5B ). However, ABT-888 failed to delocalize Top1 Y723F and Top1 N722S in 70-80% of cells ( Figure 5A , panel Y723F or N722S + ABT-888 and the quantification in Figure 5B ) like CPT ( Figure  1E ). Co-treatment of ABT-888 + CPT, shows similar impact on nuclear localization of Top1 Y723F and EGFP-Top1
N722S
as observed independently with CPT ( Figure 5A , panels Y723F and N722S; quantification in Figure 5B ). In contrast, ABT-888 or co-treatment with ABT-888 + CPT induces significant delocalization of Top1 mutants (EGFPTop1 W205G ) from the nucleoli to nucleoplasm ( Figure 5A ; panel W205G and the quantification in Figure 5B ), suggesting PAR polymers recruit Top1 in the nucleolus (Figure 1) .
Because Top1 is a part of PARP1 complexes (26, 27 ) and ABT-888 induces delocalization of Top1 to the nucleoplasm ( Figure 5A and B) , therefore, the next question was whether the differential nuclear dynamics of EGFP-Top1 N722S is due to its deficiency in the formation of PARP1-Top1 complex or PARylation of Top1 N722S . To further examine these possibilities, we co-IP ectopic EGFP-Top1 variants in cells treated with CPT. PARP1 was readily detected in all the immunoprecipitates independent of Top1 mutations (Figure 5C ). Under these conditions, PAR signal was observed with a prominent band of ∼120 kDa, consistent with PARylation of ectopic EGFP-Top1 ( Figure 5C ). However, under similar conditions we detected limited PAR signal in the coimmunoprecipitates of EGFP-Top1 N722S ( Figure 5C , top panel, fifth lane) compared to other Top1 variants (Top1 WT or Top1 W205G ) as measured by western blotting. Therefore, the attenuation in the subnuclear rearrangement of the Top1 N722S mutant in response to CPT + ABT-888 is not due to its inability to form PARP1-Top1 complexes but due to its deficiency in accumulation of PAR polymers ( Figure 5C , N722S), which is in agreement with the decreased PAR signal on the catalytically inactive Top1 (Top1 Y723F ) ( Figure  5C , top panel, third lane). Taken together, these results suggest that PAR polymers regulate Top1 dynamics in the nucleus. 
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PARP inhibitor (ABT-888) enhance CPT-induced Top1 trapping on the DNA
Because PARP inhibitors (ABT-888) efflux Top1 from the nucleolus to the nucleoplasm ( Figure 5A ), we investigated the potential involvement of PAR polymers on Top1 trapping on DNA using FRAP experiments in cells treated with PARP inhibitors and/or in combination with CPT (Figure 6 ). FRAP kinetics of EGFP-Top1
WT in the presence of ABT-888 ( Figure 6A and B) was determined under conditions that blocked cellular PAR formation (31, 32) . In the presence of ABT-888, Top1 shows faster rate of fluorescence recovery similar to untreated condition (70-80%) at early times (30 s) , however between 50 and 90 s we observed small but significant reduction (∼5-8%) in the ABT-888 induced mobile population of Top1 ( Figure 6B ). The impact was more dramatic with combination of CPT + ABT-888 compared to CPT alone ( Figure 6A and B) as evidenced by marked reduction (25-30%) in the mobile fraction of EGFP-Top1 WT ( Figure 6C ). FRAP kinetic modelling shows CPT + ABT-888 markedly increased (∼2-fold) the bound/immobile fraction of Top1 (Top1cc) compared to CPT alone (fittings of FRAP data are shown in Supplementary Figure S2 and estimated values are shown in Table  1 ; WT).
The impact of ABT-888 + CPT combination on prolonged Top1 trapping was further rationalized by the deficiencies in FRAP recoveries for Top1 mutants (EGFPTop1 Y723F and EGFP-Top1 N722S ), which failed to show the accumulation of Top1 bound fractions (see the FRAP quantitation in Figure 6C ) in the presence of ABT-888 + CPT (fittings of FRAP data are shown in Supplementary Figure S3 and 4 and the estimated values are shown in Table 1 ; Y723F and N722S). Consistent with the resistance of EGFP-Top1 W205G to form CPT-induced Top1-DNA covalent complexes in the plasmid relaxation assays ( Figure 2F ) and FRAP kinetic modelling (Supplementary Figure S5 and estimated values are shown in Table 1 ; W205G), ABT-888 failed to markedly increase the CPTinduced bound/immobile fraction of EGFP-Top1 W205G in FRAP recoveries ( Figure 6C ). Taken together, these results indicate that PAR polymers indeed counteract CPTinduced stabilization of Top1cc in the live cell nucleus.
DISCUSSION
Poly(ADP)ribose polymerases are DNA nick sensors and have been proposed to play a critical role in the early detection and repair of Top1cc-induced DNA breaks (29) (30) (31) (32) (33) (34) (35) (57) (58) (59) . Top1 is an acceptor of PAR polymers (26,30), we describe here a new role for PAR polymers on Top1 nuclear dynamics, which is independent from Top1-PARP1 interaction but dependent on PARP catalytic activity. We examine the effects of PARP inhibitors and/or in combination with CPT on EGFP-tagged-human Top1 subnuclear dynamics in living cells. Using a combination of live cell microscopy and FRAP kinetic modelling, we establish that orally bioactive PARP inhibitors (Veliparib, ABT-888) efflux Top1 from the nucleolus to the nucleoplasm. FRAP data reveals that combination of ABT-888 with CPT markedly increased the bound/immobile fraction of Top1 (Top1cc) across the nuclear genome compared to CPT alone. In an unprecedented finding, we conclusively demonstrate that EGFP-Top1 N722S are restricted to the nucleolus due to its deficiency in accumulation of CPT-induced Top1-PARylation and Top1cc formation.
The regulation of cellular Top1 mobility is only partially understood. Top1 is a dynamic protein in the nucleus and there is continuous efflux between the nucleolus and nucleoplasm (23, 24, 56) . The CPT induced nuclear redistribution of Top1 was suggested to be p53-dependent (56) or associated with SUMOs, which may induce translocation of Top1 from the nucleoli to the nucleoplasm (25, 60) . The nucleolus is the subnuclear compartment that requires high rate of replication and transcription for ribosomal RNA synthesis (16) . Therefore, Top1 is essential for the maintenance of rDNA supecoiling (61) . Hence, we observed EGFPTop1 was predominantly confined to the nucleolus ( Figure  1D and E), which is consistent with the previous reports (23, 24, 56) . Other than Top1, a high density of RNA Polymerase I (RNA Pol I) and a large number of chromatin associated proteins like PARP1, XRCC1, BRCA1, RNF8, Werner syndrome helicase, Bloom syndrome helicase and NBS1 are recruited to the nucleolus for the mRNA synthesis and maintenance of the rDNA (18, 28, 62, 63) . Consistent with the requirement of Top1 catalytic activity in rRNA synthesis, selective inhibition of RNA polymerase I with actinomycin D or inhibition of transcription with DRB (5,6-dichlorobenzimidazole 1-␤-D-ribofuranoside) results in a rapid redistribution of EGFP-Top1 from nucleolus to the nucleoplasm (18, 56) .
The N-terminal region of Top1 (1-215 aa) is highly charged, and harbours the nucleolar targeting regions as it forms complexes with nucleolin (64) . Although this domain is dispensable for catalytic activity of Top1 in vitro, however is important for in vivo activity, interactions with cofactors and CPT sensitivity (10, 15, 53, 56) . Our live cell imaging with EGFP-Top1 single point mutation (W205G) in the N-terminal region shows resistance to CPT-induced redistribution in the nucleoplasm ( Figure 1E and F) as well as CPT-mediated inhibition of the plasmid DNA relaxation activity ( Figure 2F ). Top1 W205G mutant shows faster rate of fluorescence recovery compared to EGFP-Top1 WT ( Figure  4C ) indicating a significant increase in the mobile population (compare Figure 3C with Figure 4D ) due to its weak association with DNA (10, 12, 15) . Thus our live cell data provide evidence in favour of the conclusion that Trp205 helps in anchoring of Top1 on DNA (14, 15) . However, CPT was significantly deficient in trapping Top1 W205G on DNA compared to Top1
WT (Table 1 ; compare CPT-induced immobile fraction for WT versus W205G) as well as in the in vitro plasmid DNA relaxation assays ( Figure 2G ), suggesting Trp205 is critical for in vivo molecular interaction of CPT with Top1-DNA cleavage complexes.
PARP1 is responsible for the majority of cellular PAR formation (29) (30) (31) . PARylation is a key PTM orchestrating a variety of cellular processes including DNA repair, transcription, ribosome biogenesis, mitotic segregation, telomere homeostasis and genome maintenance (29, 65) . Poly(ADP)ribosylation of ribosomal proteins is essential for nucleolar structure, ribosome biogenesis (66, 67) , rRNA synthesis (65, 68) and epigenetic upkeep of the rDNA (63) . PARP1 plays a crucial role in DNA damage response by controlling the nuclear localization and biological activities of DNA repair complexes and the conservation and stability of ribosomal genes (29) (30) (31) (32) 65) . PARP1 is a key regulator of the single-strand break repair and base excision repair pathway and are backup pathway for the non-homologous end joining double-strand break repair pathway (29, 30, 32) . Like Top1, PARP1 is also dynamic in the nucleus, unmodified PARP1 protein molecules bind to chromatin and accumulate in the nucleoli, upon automodification with poly(ADP-ribose), PARP1 dissociates from the chromatin template and facilitates the recruitment of other chromatin factors (29, 30) . Consistent with the role of PARP1 activity in rRNA transcription, inhibition of transcription or RNA polymerase I activity delocalize PARP1 from the nu-cleolus to the nucleoplasm (69). Cells exposed to CPT results in delocalization of both Top1 (Figure 1 ) and PARP1 (26, 28) from the nucleolus to nucleoplasm. Because CPT failed to delocalize the Top1-mutants (W205G, N722S and Y723F) from the nucleolus ( Figure 1E and F) and ABT-888 markedly accumulates Top1 in the nucleoplasm (Figure 5A and B) , therefore the phenomenon of Top1 nucleolar delocalization is coupled with PARP catalytic activity ( Figure 5A ). However, our data suggests that PARP1-Top1 interactions ( Figure 5C ) do not play a role in the delocalization of Top1 from the nucleolus. This is in keeping with the previous report indicating CPT-induced nucleolar delocalization kinetics of Top1 and PARP1 are not concurrent (26, 28) . Thus it is plausible that activated PARP1 catalyse Top1-PARylation (27, 39) (Figures 5C and 7D) , which facilitates Top1 catalytic activity (39, 40) and turnover of the rDNA synthesis, as PARP1 and Top1 complexes are readily detectable in cells ( Figure 5C ). Consistent with this conclusion, our FRAP data indicates that both CPT and ABT-888 failed to show accumulation of Top1 N722S -bound fractions (see the FRAP quantitation in Figure 6C and Table  1 ; N722S) as well as redistribution from the nucleolus to the nucleoplasm ( Figure 5A ) due to limited CPT-induced Top1-PARylation ( Figure 5C ). Thus, we conclude that the PARylation of Top1 not only counteracts CPT-induced stabilization of Top1cc but also recruits Top1 to the active site of rDNA and rRNA synthesis.
PARP inhibitors generate considerable interest in clinical trials in combination with wide variety of DNA damaging drugs which includes alkylating agents (temozolomide), Top1 inhibitors (CPT and its clinical derivatives topotecan and irinotecan) and others (30, 41, 46) . The potential ability of PARP inhibitors for trapping PARP-DNA complexes in addition to their NAD + -competitive catalytic inhibitory mechanism accounts for the cytotoxicity in the proliferative cells (44) . PARP trapping is critical when combined with temozolomide (45) , while combination with Top1 poisons (CPT) is synergistic in killing cells due to inhibition of PARP catalytic activity (32, 41, 44, 45) . The present study provides new mechanistic insights into the action of PARP inhibitors in combination with Top1 inhibitors relevant for cancer chemotherapy. Using live cell microscopy in the presence of ABT-888 [PARP inhibitor with least potential in trapping PARP-DNA complex; (41, 44, 45) ], we show delocalization of Top1 from the nucleolus which results in increased Top1 density in the nucleoplasm. PARylation of Top1 counteracts CPT-induced stabilization of Top1cc. Therefore ABT-888 markedly increased CPT-induced trapping of Top1 across the nuclear genome (Figure 7) , which is associated with increased cytotoxicity in the proliferating cells exposed to the combination of PARP inhibitor with Top1 inhibitor (31) (32) (33) 41, (44) (45) (46) . Indeed, (ADP)ribose polymerase appears to act as a key molecular determinant both for Top1 nuclear dynamics (present study) as well as Top1cc repair by recruitment of PARylated-TDP1-PARP1 complex at Top1cc damage sites (32, 35, (57) (58) (59) . Thus, this study provides rationale for the combination of PARP inhibitors with Top1 inhibitors in cancer treatment, which is highly relevant for the ongoing clinical trials.
